Male and female rats (26-day-old) were exposed to 0.0, 0.4, 4 or 40 mg/kg body weight silver acetate (AgAc) in drinking water for 10 weeks prior to and during mating. Spermpositive females remained within their dose groups and were exposed to silver acetate during gestation and lactation. At postnatal day 26, the effect of silver ions on the developing F1 generation rat thymus was evaluated at the transcriptional level using whole-genome microarrays. Gene expression profiling analyses identified a dozen differentially expressed genes (DEGs) in each dose group using a loose criterion of fold change (FC) >1.5 and unadjusted p < 0.05, regardless of whether the analysis was conducted within each gender group or with both gender groups combined. No dose-dependent effect was observed on the number of DEGs. In addition, none of these genes had a false discovery rate (FDR) <0.05 after correction for multiple testing. These results in combination with the observation that thymus-to-body-weight ratios were not affected and no histopathological abnormalities were identified indicate that in utero exposure to silver ions up to 26.0 mg/kg (equivalent to 40.0 mg/kg silver acetate) did not have an adverse effect on the developing thymus.
Introduction
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seventeenth century, silver has been used as antiseptics in a number of medical situations such as cholera, eye infection, and burn wound [2] . The U.S. Food and Drug Administration (FDA) approved the use of charged silver solutions (i.e. electrocolloidals) as antibacterial agents in the 1920s. The application of silver was further expanded during the second half of the twentieth century as a disinfectant in conjunction with hydrogen peroxide. Today, silver-containing products are used in a wide range of healthcare, food industry, and domiciliary applications and are commonly found in hard surface materials and textiles. In the food industry, silver-containing compounds or their mixtures are widely applied onto foodpackaging materials, often in direct contact with the food. Such an extensive use of silver raises concerns about its safety, toxicity, and health risk. However, there is a paucity of information on the toxicity of silver. It is well known that ingesting large amount of silver preparations, which rarely happens, results in argyria, manifested by an irreversible gray to blue-black coloring of the skin due to subdermal silver deposit [11] . Also, the use of ionic silver and silver derivatives for treatment and prevention of infection of burn wounds or skin grafting has been associated with a number of side effects such as cytotoxicity, staining, methaemoglobinaemia and electrolyte disturbance, longer slough separation time, retardation of wound healing, and the possible inactivation of enzyme debriding agents [4] . The free silver ion (Ag + ) is the most toxic species of silver. Toxicity testing in fathead minnow (Pimephales promelas) showed that free silver ion was about 15,000 and 300 times more acutely toxic than silver sulfide and silver chloride complexes, respectively, which are the major forms of silver in the environment [9] . However, the toxic effect of long-term exposure to low concentrations of silver has not been well studied.
There is a potential risk for the developing fetus when pregnant women are exposed to silver products. A case-control epidemiology study was conducted by [1] among women who delivered infants from 1977 to 1980 in a Massachusetts hospital. Trace element levels of public water were analyzed from the communities in which the women resided during pregnancy. The relationship between community drinking water quality and the occurrence of late adverse pregnancy outcomes was examined. After adjustment for confounding factors, the results suggested some association between maternal exposures to 0.001 mg/L of silver in the drinking water (1/100 of the EPA standard) and some increase in fetal developmental anomalies (ear, face, and neck). As the authors recognized, there are inferential limitations to epidemiologic studies and further research is needed to explore these findings.
The U.S. FDA evaluated data available on the use of silver mixtures as antimicrobial agents in food contact polymers and suspected that in utero exposure to silver may have an adverse effect on the immune system of the developing animal. A comprehensive study for risk assessment has been conducted in our group using a rat model and conventional toxicological and/or pathological endpoints to confirm that the previously observed adverse effects are due to silver ion alone, and to define the no observed effect level (NOEL) at or below which the adverse effect does not occur [16] .
Microarray technology has become a powerful tool to explore the expression levels of thousands of genes or even complete genomes after exposure to toxicants and has thus found wide applications in toxicological research [15] . Toxicogenomics, defined as the "global analysis of gene expression in target cells or tissues in response to a toxicant," has emerged as a promising approach to evaluate mechanisms of action in toxicological models [5] . Information on the global gene expression profile may provide clues to understanding biological actions of toxic substances at the molecular, cellular, tissue, and individual animal levels. Tissue-specific gene expression profiles can provide a basis for understanding tissue function, enabling molecular characterization of differences between normal and diseased tissue. Toxicogenomics also provides opportunities for improvements in toxicity screening and risk assessment such as the development of new predictive models for identifying human health hazards and the identification of more precise molecular biomarkers of exposure [12] . In this application, toxicogenomic approaches usually are more sensitive than conventional toxicological endpoint assays and can assess toxic responses at low doses and at the very onset.
As a component of the comprehensive research [16] , the current study used a toxicogenomic approach to study the effect of silver ions on the developing thymus at the transcriptional level by using whole-genome microarrays to study global gene expression changes in rat thymus of F1 generation offspring from dams exposed to different levels of silver ion. In the last years, some dozen reports appeared in the literature using toxicogenomics approach to study silver toxicity; however, the majority of these studies were on silver nanoparticles (AgNPs). Only a few evaluated silver ion toxicity either in a crustacean model [13] , an in vitro fish model [20] , or in bacteria [21] . Silver ions and AgNPs exerted toxicity through different mechanisms; the latter was affected by several other factors other than silver ion itself, including surface coating and particle size [13] . To our knowledge, this study represents the first evaluation of silver ion toxicity using toxicogenomics approach in a mammalian model.
Materials and methods

Experimental design
Thymus tissues were obtained from 5 male and 5 female F1 generation rat pups on postnatal day 26 in each treatment group that were randomly selected from the animals evaluated in [16] . In brief, 28-day-old male and female CD IGS VAF/+ rats were exposed ad libidum to HydroSystem water containing 0 (control), 0.4, 4.0, or 40.0 mg/kg body weight silver acetate for 10 weeks prior to mating and during the 2-3 week mating period. Sperm-positive females remained within their dose groups and were further exposed to silver acetate throughout the gestation and lactation periods. Pups were weaned on lactation day 21 and euthanized for tissue collection on day 26. To minimize potential litter effect, no more than one pup was randomly selected from each litter within a treatment group.
Tissue collection, RNA isolation, and quality assurance
Thymus from each pup was collected and snap-frozen in liquid N 2 with 5 min after dissection. The samples were kept in a −80 • C freezer until processing for total RNA extraction. Thymus was disrupted using the TissueLyser (Qiagen, Valencia, CA) in the QIAzol Lysis Reagent (Qiagen) and total RNA was isolated on the EZ1 Advanced XL (Qiagen) automated RNA purification instrument using the EZ1 RNA Universal Tissue Kit (Qiagen) following the manufacturer's protocol, including an on-column DNase digestion. RNA concentration and purity (260/280 ratio) were measured with the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Integrity of RNA samples was assessed by the Agilent 2100 Bioanalyzer (Santa Clara, CA) with the RNA 6000 Nano Reagent Kit from the same manufacturer.
Microarray experiment
The total RNA samples were preprocessed for hybridization to GeneChip Rat Genome 230 2.0 Array (Affymetrix, Santa Clara, CA) using the Affymetrix GeneChip 3 IVT Express Kit following the manufacturer's protocol. In brief, 0.1 g of total RNA was used to generate first-strand cDNA using reverse transcriptase and a T7-linked oligo(dT) primer. After second-strand synthesis, the doublestranded cDNA was then used for in vitro transcription with biotinylated UTP and CTP to amplify the product, referred to as cRNA amplification. Subsequent hybridization, wash, and staining were carried out using the Affymetrix GeneChip Hybridization, Wash, and Stain Kit and the manufacturer's protocols were followed. Briefly, biotinylated target cRNA was fragmented using heat and Mg 2+ to sizes of 35-200 bp. Each fragmented cRNA target sample (approximately 12.5 g) was individually hybridized to a GeneChip Rat Genome 230 2.0 Array at 45 • C for 16 h in Affymetrix GeneChip Hybridization Oven 645. After hybridization, the array chips were stained and washed using an Affymetrix Fluidics Station 450. The chips were then scanned on Affymetrix GeneChip Scanner 3000 7G and the image (.DAT) files were preprocessed using the Affymetrix GeneChip Command Console (AGCC) software v.3.2 to generate cell intensity (.CEL) files. The Rat Genome 230 2.0 Array comprises of over 31,000 probe sets representing approximately 28,700 well-substantiated rat genes. Prior to data analysis, all arrays referred to in this study were assessed for data quality using the Affymetrix Expression Console software v.1.2 and all quality assessment metrics (including spike-in controls during target preparation and hybridization) were found within boundaries.
Data processing and statistical analysis
Data analysis was carried out primarily using the U.S. FDA's ArrayTrack software system [17, 18] . The values of individual probes belonging to one probe set in .CEL files were summarized using the robust multi-array average (RMA) algorithm [8] embedded in ArrayTrack, which comprises of convolution background correction, quantile normalization, and median polish summarization. Normalized data for all samples were then analyzed by unsupervised principal component analysis (PCA) [14] and hierarchical cluster analysis (HCA) [3] , both embedded in ArrayTrack, to identify patterns in the dataset and highlight similarities and differences among the samples. Subsequently, differentially expressed genes were selected using one-way analysis of variance (ANOVA) based on Welch's t-test. To improve moderated t-statistics, a gene-filtering procedure, namely I/NI-calls [6] , was applied before the Welch's t-test to exclude non-informative genes. For each comparison between two experimental groups, the fold change (FC) of every annotated gene, together with their corresponding p-value, was used for selection of differentially expressed genes with cutoffs of p < 0.05 and FC > 1.5. Table 1 summarizes the effects of silver acetate on rat thymus and body weights in the subset of F1 generation pups used in this study (the full animal dataset was previously reported by [16] ). Despite some decreases in the mean thymus and body weights in the higher dosing groups (4.0 and 40.0 mg/kg) compared with the control animals, thymus/body weight ratios were similar in all groups. No statistically significant effects were seen in any group.
Results
Thymus and body weights
Global gene expression profiling
Unsupervised data exploration by principal components analysis (PCA) was first conducted to identify major effects influencing the expression values in the experiment and to cluster samples based on their similarities or dissimilarities in global gene expression level. As shown in Fig. 1 , overall the samples were separated by gender into two major clusters. With each gender cluster, samples of different treatment groups were mixed with no discrete boundaries between different groups, suggesting treatment by silver acetate had little effect on global gene expression level. Results of hierarchical cluster analysis (HCA) (Fig. 2) are consistent with the PCA results. The samples were clustered by gender into two major branches; within each gender cluster, however, the samples were not clustered into different treatment groups. Instead, the samples formed branches with no apparent relationships.
Differential gene expression in treatment groups
Differences in gene expression between the treatment groups and the control were assessed using one-way analysis of variance (ANOVA). Since each gender had a distinct pattern in global gene expression (Figs. 1 and 2) , the analysis was conducted either separately for female and male animals, or with all animals in the same dose group.
Consistent with the results from PCA and HCA ( Figs. 1 and 2 ), one-way ANOVA using Welch's t-test also indicated treatment by silver acetate had little effect on gene expression. Using a stringent criterion of Bonferroniadjusted p < 0.05, the analysis revealed no differentially expressed genes (DEGs) from all treatment groups (vs. controls), whether the analysis was conducted within each gender group or with both gender groups combined. When a less stringent criterion (p-value not adjusted for multiple testing, i.e., unadjusted p < 0.05) was used for the selection of DEGs, a number of significant genes with fold change (FC) >1.5 were identified in each dose group (Tables 2-4) . Treatment with 0.4 mg/kg of silver acetate resulted in 16, Fig. 2 . Hierarchical cluster analysis based on all probe sets in the array to cluster samples based on their similarities or dissimilarities in global gene expression level. The clustering was performed through Ward's minimum variance linkage on normalized expression data which are in log2 scale and color coded as shown in the scheme at the upper right corner. The tree on the right of the image shows clusters of genes (names not shown), while the tree on the top of the image shows clusters of samples. The naming of the samples follows "group name-gender-replicate"; for example, "G2-F-4" refers to the fourth female pup in group 2. The branches in a tree contain similar samples or genes. a The analysis was conducted within each gender group ("Female" or "Male") or with both gender groups combined ("All"). The number of significant genes in each gender group is included in parentheses following the gender name.
b Fold changes relative to the control group. c False discovery rate, which is the probability of having false tests among all the significant tests. For example, an FDR of 0.05 indicates that 5% of the significant genes may have been identified by chance (i.e., the false-positives). a The analysis was conducted within each gender group ("Female" or "Male") or with both gender groups combined ("All"). The number of significant genes in each gender group is included in parentheses following the gender name.
b Fold changes relative to the control group. c False discovery rate, which is the probability of having false tests among all the significant tests. For example, an FDR of 0.05 indicates that 5% of the significant genes may have been identified by chance (i.e., the false-positives). 16 , and 15 DEGs for female, male, and combined groups. At 4.0 mg/kg, the numbers of DEGs were 13, 9, and 9 respectively; and at 40.0 mg/kg, the numbers were 14, 12, and 10.
Although the numbers of DEGs did not show dose dependency, the false discovery rate (FDR), which is a statistic (p-value) moderately adjusted for multiple testing, were markedly different among different dose groups, and in some cases between different gender groups with the same dose group as well. Remarkably, six probe sets in the male group of the highest dose group (40.0 mg/kg) had an FDR < 0.1 (highlighted in Table 4 ). Among these probe sets, two are serine/cysteine peptidase inhibitor, namely Serpinb2 and Serpinb3a, one is predicted to be similar to the regulator of K + conductance (RCK), another one is an RNA-specific adenosine deaminase and the remaining two are actin binding protein and RNA binding protein, respectively. The heat map shown in Fig. 3 illustrates the differential expression of these genes in the high-dose group (40.0 mg/kg) compared with the control group.
The numbers of DEGs for each treatment or gender group as well as the numbers of overlapping genes are plotted in the Venn diagrams shown in Fig. 4 . Within the same dose group (Fig. 4A) , it is apparent that different gender groups shared no or very small numbers of genes compared to the total number of changed genes in each gender group, suggesting the gene expression changes were gender-dependent. Similarly, different dose groups a The analysis was conducted within each gender group ("Female" or "Male") or with both gender groups combined ("All"). The number of significant genes in each gender group is included in parentheses following the gender name.
b Fold changes relative to the control group. c False discovery rate, which is the probability of having false tests among all the significant tests. For example, an FDR of 0.05 indicates that 5% of the significant genes may have been identified by chance (i.e., the false-positives).
* Genes with FDR < 0.1.
within the same gender group also had very few overlapped genes compared to the total number of changed genes in each dose group (Fig. 4B) , suggesting the gene expression changes were also dose-dependent. However, source of variance (SV) plot from two-way ANOVA on dose and gender ( Fig. 5) indicated that gender had a much greater contribution than dose to the gene expression changes.
Discussion
With the increasing application of silver-containing compounds as antimicrobial agents in the food industry, it is imperative to study their safety, toxicity, and health effect. The U.S. FDA evaluated data available on the use of silver mixtures as antimicrobial agents in food contact polymers and suspected that in utero exposure to silver may have an adverse effect on the immune system of the developing animal. A comprehensive study for risk assessment has been conducted in our group using a rat model and conventional toxicological and/or pathological endpoints to confirm that the previously observed adverse effects are due to silver ion alone and to define the NOEL [16] .
As a component of the comprehensive research, the present study used a toxicogenomic approach to study the effect of silver ions on the developing thymus at the (Fig. 1) and HCA (Fig. 2) revealed that the samples were separated by gender into two major clusters. Within each gender group, however, no distinct expression patterns were identified for different dose groups, suggesting treatment by silver acetate had little effect on global gene expression. Consistently, oneway ANOVA identified only about a dozen DEGs in each dose group with FC > 1.5 and unadjusted p < 0.05, and none of these genes had an FDR <0.05 (Tables 2-4) . Six genes had an FDR < 0.1 in the males of the highest treatment group (Table 4) ; however, visual inspection of the heat map suggests these genes are likely false-positives (Fig. 4) . Taken together, these results indicate silver acetate up to 40.0 mg/kg did not affect gene expression in the developing thymus. 
Group 4
Group 2
Group 3
Group 4 (10) In the large-scale study, no histopathological abnormalities in thymus were identified in the F1 generation pups in any of the dosing groups [16] . Combined with the observation that thymus-to-body-weight ratios were not affected (Table 1) , the current study suggests that in utero exposure to silver ions up to 26.0 mg/kg (equivalent to 40.0 mg/kg silver acetate) did not have an adverse effect on the developing thymus.
A parallel component study [19] on natural killer (NK) activity and mitogen-induced lymphocyte proliferation in the spleen of the F1 generation pups has found that maternal exposure to 4.0 and 40.0 mg/kg silver acetate resulted in reduced T-cell development and cell-mediated immune functions in 4-day pups, and reduced TCR+ cells and cellmediated immune functions in 26-day-old pups, although exposure to low concentration of silver acetate (0.4 mg/kg) has slight beneficial effect on NK activity in 26-day pups. In contrast, no effect was observed on thymic lymphocytes. Hultman et al. [7] found that Brown Norway (BN) rats exposed to silver in dental amalgam restorations had significantly increased metal (including silver) concentrations in tissue in the order kidney > spleen > cerebrum occipital lobe > cerebellum > liver > thymus. For example, mercury concentration in spleen is more than 30-fold higher than that in thymus. Silver accumulation may follow the same pattern as mercury. This may partly explain the results of [19] that silver acetate had a significant impact on the splenic but not thymic immune system and may also help to explain the findings of the current study that silver acetate had not significant effect on thymic gene expression.
It should be noted that silver ions may exert systemic effects on the developing pups that are not evident in specific organs. McIntyre et al. [10] reported that a 12-month infant overdosed with colloidal silver in the form of dietary supplements manifested global developmental retardation, although this case was complicated by malnutrition. In the comprehensive study [16] , higher runt numbers and low average body weights were observed in pups following maternal exposure to silver acetate at high concentrations (4.0 and 40.0 mg/kg). In addition, prenatal death rate of newborns was also higher in dams exposed to high concentrations (4.0 and 40.0 mg/kg) of silver acetate.
Conclusions
In the present study, we used a toxicogenomic approach to study the effect of silver ions on the developing thymus by measuring transcriptome changes in rat thymus of F1 generation pups following maternal exposure to silver acetate. Gene expression profiling analyses indicate that silver acetate up to 40.0 mg/kg did not affect gene expression in the developing thymus. Combined with the observation that thymus-to-body-weight ratios were not affected, and no histopathological abnormalities in thymus were identified in the pups, the current study suggests that in utero exposure to silver ions up to 26.0 mg/kg (equivalent to 40.0 mg/kg silver acetate) did not have an adverse effect on the developing thymus.
